Genetic exchange by asexual filamentous fungi is presumed to be limited to isolates in the same vegetative compatibility group (VCG). To evaluate genetic isolation of Aspergillus flavus due to vegetative incompatibility, three gene regions were chosen that contained closely spaced nucleotides that were polymorphic among some of the six VCGs examined. A member of each VCG was collected from five regions across the southern United States. Isolates belonging to the same VCG had similar sets of single nucleotide polymorphisms regardless of isolate origin. The six VCGs formed four genetically distinct groups. Although recombination between certain pairs of VCGs could not be excluded, none was found for YV36, the VCG that includes the atoxigenic A. flavus isolate currently used to mitigate aflatoxin contamination in cotton in Arizona.
Introduction
Aspergillus flavus and other aflatoxin-producing fungi are haploid organisms found globally on some agricultural commodities in most regions of the world Bhatnagar et al., 2001) . A sexual state has never been observed in A. flavus, although A. flavus is capable of producing sclerotia, a reproductive structure that resembles sexual fruiting bodies called cleistothecia. Aspergillus flavus exists as two sclerotial-size morphotypes, the L strain (average sclerotial diameter 4 400 mm) and the S strain (average sclerotial diameter o 400 mm). The S strain consistently produces more aflatoxin than the L strain when grown under the same conditions. The percentage of the S strain in natural populations ranges from nondetectable to over 90% (Cotty, 1997; Orum et al., 1997) . The S and L strains appear to have been reproductively separated from one another for more than one million years (Ehrlich et al., 2005) .
Recently, mating type-genes have been found in these otherwise asexual Aspergillus species (Dyer & Paoletti, 2005; Pain et al., 2006) . How recently sexuality has been lost in A. flavus is an important question. There is evidence that the reproductive mode in A. flavus is not strictly clonal as would be expected for an asexual organism (Geiser et al., 1998 (Geiser et al., , 2000 . It was suggested that such fungi can sometimes form a cryptic sexual state in which genetic recombination can occur. These studies used a random sampling of A. flavus isolates and did not consider reproductive isolation due to separation into vegetative compatibility groups (VCGs).
Vegetative compatibility is the ability of isolates of Aspergillus to undergo hyphal fusion to form stable heterokaryons (Leslie, 1993) . Such isolates are assumed to belong to the same VCG. A single soil sample from agricultural fields usually contains isolates from many different A. flavus VCGs . Natural genetic complementation among isolates belonging to different VCGs has not been observed. How strong a barrier vegetative compatibility is to recombination within a fungal species that appears to lack the ability to sexually recombine is unknown. In Aspergillus as well as other fungal genera, such as Neurospora, Podospora and Fusarium, vegetative compatibility is controlled by multiple genes that occur on unlinked loci (Anwar et al., 1993; Glass et al., 2000; Saupe, 2000; Kohn, 2005) . The high degree of variability in A. flavus isolates in morphology, ability to produce aflatoxins and other secondary metabolites and its ability to infect and decay plants may reflect phenotypic diversity among VCGs . Aspergillus flavus VCGs with either aflatoxin-producing or nonproducing isolates can be obtained from the same soil Chang et al., 2006) . To examine the extent of recombination among VCGs of L strain A. flavus, we evaluated the effect of geographic separation on the association with VCG of a series of closely spaced single nucleotide polymorphisms (SNPs) in three noncontiguous gene regions.
Materials and methods

Aspergillus isolates and growth conditions
Members of six A. flavus VCGs were collected from cottonseed grown in five regions of the southern United States that are separated by over 2000 km (Table 1) . These isolates all belong to the L strain morphotype and, as such, produced L-type sclerotia (average sclerotial diameter 4400 mm). Methods for collection, strain identification and VCG characterization for these isolates have been described previously (Bayman & Cotty, 1991; Cotty, 1994, 1997). Three A. flavus isolates (AF12, AF42, and AF70) belonging to the S strain morphotype (average sclerotial diameter o 400 mm) and Aspergillus parasiticus NRRL2999 were also included in the study. Genomic DNAs were purified from 3-day mycelial cultures using a plant DNeasy kit (Qiagen, Valencia, CA).
PCR and oligonucleotides
PCRs were run with 1-10 ng genomic DNA, 50 pmol of forward and reverse oligonucleotides in Amplitaq buffer with 0.125 U of Amplitaq (Applied Biosystems, Foster City, CA) and 1 mL Perfect Match (Stratagene, La Jolla, CA) in 50-mL reactions for 35 cycles of 941, 30 s, 581, 30 s and 721, 60 s. The following oligonucleotide primer sets were used to amplify the aflJ-aflR intergenic region in the aflatoxin pathway gene cluster and portions of genes xynF3 and taa for two carbohydrate hydrolases, xylanase and Taka-amylase A:
0 -TGAAGGCGTTGAGGAGTGG
Sequencing and phylogenetic analyses
Sequencing was performed by Auburn University Genomics and Sequencing Laboratory (Auburn, AL) on 10-40 nmol of the uncloned PCR amplification products. Alignments were carried out with DNAMAN software, (Lynnon Corporation, Vaudreuil-Dorion, QC, Canada) and phylogenetic analyses were carried out using PAUP Ã ver4.0b10 for Macintosh (Sinauer Associates, Sunderland, MA). Heuristic search was performed on the individual and combined gene data sets using the maximum parsimony algorithm with 1000 random addition sequences with MULPARS turned on and with TBR branch swapping under general search options in PAUP Ã . Bootstrap values using the fast stepwise addition algorithm and the partition homogeneity test (PHT) were performed on 1000 resampled data sets. Trees are unrooted but A. parasiticus NRRL2999 and three A. flavus isolates belonging to the S strain morphotype were included as outgroups. Phylogenetic trees were obtained with TREEVIEW (http://taxonomy.zoology.gla.ac.uk/rod/treeview.html).
Results and discussion
To evaluate genetic recombination among isolates in different VCGs we obtained A. flavus isolates from the same VCG from each of six locations across the southern United States (Table 1) . Sampling locations were distant enough from one another to decrease the chance that the same VCG isolate was recently dispersed from one location to another by wind or animal carriers. The sampling location in Arizona is about 700 km from locations in Texas and more than 1200 km from locations in Alabama and Mississippi while the locations in Texas are about 400 km from those in Alabama and Mississippi. The presence of several unique, but phylogenetically uninformative, polymorphisms in the sequence of each gene in isolates from the same VCG gave us confidence that contamination of one VCG isolate with another had not occurred in the laboratory (results not shown).
In a preliminary study, we looked for regions of noncontiguous genes in A. flavus isolates with a sufficient number of closely spaced SNPs among the VCGs to delineate haplotypes and to ensure that double-hit homoplasy would not be mistaken for recombination. After examination of the sequences of 400-600 bp portions of 12 genes in eight isolates from Arizona each representing a distinct VCG (results not shown), we found two that had four or more closely spaced SNPs. In a DNA region of 250 bp or less, the two genes, xynF3 and taa, contain four and six SNPs, respectively (Table 2 ). These encode the carbohydrate hydrolases, xylanase and Taka-amylase A. We also included in the analysis the aflJ-aflR intergenic region with five SNPs in a 500 bp region, because we had previously found that certain SNPs in this gene region are unique to VCG YV36, which includes an isolate currently being used as a competitor agent to mitigate aflatoxin contamination of cotton by A. flavus in Arizona and Texas Cotty, 2001) . BLAST search of the unfinished A. flavus NRRL3357 genome database (http://www.tigr.org) with each of the three gene regions showed that these genes are single-copy and noncontiguous. The genes occur on distinct contigs in the A. flavus sequence database [taa on contig 1047213862949 (49998 bp); aflR-aflJ on Table 2 . Haplotypes delineated by sets of polymorphisms in partial coding regions of the Taka-amylase (taa), aflatoxin pathway regulator intergenic region (aflJ-aflR), and xylanase (xynF3) genes of Aspergillus flavus taa aflJ-aflR xynF3
A G Ã Regions of genes that contain at least four closely spaced SNPs. The examined VCGs represented no more than 5-10% of the total number of VCGs from any one area . Therefore, at each location each VCG isolate is in close proximity to many members of heterologous VCGs. If recombination were a frequent occurrence among members of different VCGs, we would expect to see SNP patterns characteristic of a heterologous VCG in some of the isolates from each VCG. In such recombining environments, association of a haplotype with a specific VCG should be lost during dispersal of isolates, because, at greater distances from the dispersal point, and thereby longer periods of time for the dispersal process, there should be an increased opportunity for genetic recombination with heterologous VCGs.
Two haplotype populations were found for each of the genes examined (Table 2 ). The taa dataset yielded phylogenetic trees with branches that separated isolates in VCGs OD02 and MR17 (Fig. 1a) from isolates in the other VCGs. For the aflJ-aflR intergenic region dataset, one of the haplotype populations was represented only by VCG YV36 (Fig. 1b) , while the xynF1 dataset yielded trees that separated VCG YV13 and VCG CG136 isolates from the others (Fig. 1c) . The combined dataset for the three genes allowed separation of the six VCGs into four highly (4 85%) bootstrap-supported clades (Fig. 2) . Because they share the same haplotype, it is not possible from our data to prove that isolates in VCGs CG136 and YV13 or ODO2 and MR17 are unable to recombine genetically. The presence of other parsimony informative SNPs in two of the VCG MR17 isolates in the aflR-aflJ dataset prevents them from fitting the strict haplotype designation, but in the combined tree (Fig. 2) , cladal separation of these isolates is not statistically significant since the bootstrap support values are quite low (52% and 64%, respectively). The separation of VCGs YV19 and YV36 into independent clades provides support that the reproductive mode, at least for these VCGs, is clonal.
We used the PHT to determine if gene genealogies among VCG group isolates are concordant. This test had been used previously to demonstrate that A. flavus was a recombining population (Burt et al., 1996; Geiser et al., 1998 Geiser et al., , 2000 , but had not been used to examine genetic isolation due to separation into VCGs. This test compares the cladal distribution of isolates in a phylogenetic tree obtained from the alignment dataset for each of the individual genes to the cladal distribution of the same isolates on a tree obtained when the data for the three genes are combined and randomly sampled. If the tree based on the combined data predicts the same cladal distribution for all of the isolates Geiser et al., 2000) ; numbers are the bootstrap values based on 1000 replicates. Char, characters; PIC, parsimony informative characters, CI, consistency Index; RI, retention index; RC, rescaled consistency index; HI, homoplasy index.
from each VCG, than the probability value should be equal to one. Based on 1000 bootstrap replicates, the PHT calculated a probability value of one, a result consistent with a nonrecombining population. Recent arguments suggest that the PHT test may be biased as a test of genetic congruence (Barker & Lutzoni, 2002) . Although our sample set is limited, the PHT test allows direct comparison of our data to previous data supporting the hypothesis that A. flavus is able to recombine, possibly by forming a cryptic sexual state (Geiser et al., 1998 (Geiser et al., , 2000 . In the previous studies of gene genealogies in A. flavus, Geiser et al. compared sufficiently divergent isolates to allow A. flavus to be divided into three distinct clades. The aflatoxin biosynthesis pathway gene omt-1 provided the majority of the phylogenetically informative sites. Since polyketide biosynthesis gene clusters such as the aflatoxin cluster are most likely inherited as intact units, the mode of inheritance of the aflJ-aflR region should be the same as that of omt-1 (Walton, 2000) . In the studies of Geiser et al., it was not possible to determine if recombination, either contemporary or historic, had occurred among VCGs. The current study was not able to detect recombination among certain members of the six VCGs studied. Association of specific haplotypes with the multiple loci that dictate VCG and aflatoxigenicity suggests that recombination among VCGs must be rare or nonexistent during dispersal through agricultural environments.
Conclusions
We found evidence that certain members of the six A. flavus VCGs examined appear to remain genetically isolated during VCG dispersal. A nonaflatoxigenic L strain A. flavus isolate (AF36) from VCG YV36 is currently used for biocontrol of aflatoxin contamination in cotton. After more than 10 years of study, no evidence for recombination between an aflatoxin producer and AF36 has been found. Further understanding of the genetic basis for vegetative incompatibility is needed before it is possible to establish a precise role for vegetative compatibility in restriction of genetic recombination. replicates; numbers at the branch termini refer to Aspergillus flavus isolates from the geographic regions surveyed. The haplotype population based on the three genes (see Table 2 ) is given in brackets beside the VCG designation. The unrooted tree also shows separate clades for the A. flavus S strain (S-type) isolates AF12, AF70, and AF42 and Aspergillus parasiticus NRRL2999 (AP). 
